Most phytopathogenic *Fusarium* spp. are soil-borne and cause wilting of plants and rotting of roots, stems, leaves and fruits by damaging the vascular system and organs of various plant species ([@b10-ppj-35-623]; [@b15-ppj-35-623]). Therefore, disease caused by *Fusarium* spp. severely affects both the quality and quantity of different important crops, including soybean ([@b42-ppj-35-623]). Although tremendous progress has been made in recent decades in enhancing plant defence through various classical breeding and modern transgenic approaches, a challenge remains for plant scientists to control this devastating plant disease effectively.

Upon pathogen attack, host plants detect the presence of pathogen- and microbe-associated molecular patterns through plasma membrane-localized pattern recognition receptors, triggering pattern-triggered immunity (PTI), which is the first line of defence in innate immunity ([@b5-ppj-35-623]). Activation of PTI results in different immune responses, including mitogen-activated protein kinase (MAPK) cascade activation ([@b3-ppj-35-623]; [@b27-ppj-35-623]). Studies have shown that plant MAPKs are extremely important because they transduce PTI signals to downstream components ([@b9-ppj-35-623]; [@b12-ppj-35-623]; [@b33-ppj-35-623]; [@b37-ppj-35-623]). Therefore, a lot of study has been conducted to illustrate the role of MAPKs in plant-pathogen interactions. Notably, several members of the MAPK family have been revealed to be involved in plant defence responses processes ([@b47-ppj-35-623]).

Over 20 plant pathogenic fungi have been characterized for which MAPKs play a vital role in plant-pathogen interactions ([@b19-ppj-35-623]; [@b43-ppj-35-623]). For instance, upon pathogen attack, the model plant *Arabidopsis thaliana* induces the expression of three genes coding for the proteins MPK3, MPK4 and MPK6 ([@b32-ppj-35-623]). Several studies have revealed that MAPKs are involved in *Rhizobia*-legume symbiosis; for example, alfalfa MAPK, called TDY1, is expressed in roots and nodules ([@b36-ppj-35-623]). In addition, MAPK can connect with other beneficial microbes, and a previous study revealed that a MAPK plays an essential role in signal transduction in the *Trichoderma asperellum*--cucumber system; this protein has been termed *Trichoderma*-induced MAPK ([@b38-ppj-35-623]). Although symbiotic and pathogenic interactions appear to be opposite model, common strategies have been found in the early plant response to infection by pathogenic and symbiotic bacteria, such as, MAPKs signal pathway. However, little is known about the interaction between host plant *MAPKs* and their corresponding root-associated microbiomes.

Soybean (*Glycine max* L.), a globally important oilseed crop, is a rich source of edible oil, proteins and nutraceutical compounds and originated from the wild soybean (*Glycine soja* Sieb. and Zucc.) from more 5,000 years ago in ancient China ([@b20-ppj-35-623]). A previous study revealed that the symbiotic association of arbuscular mycorrhizal fungi with cultivated soybean enhanced plant drought tolerance, an effect that was positively correlated with the molecular dialogue of the plant MAPKs ([@b21-ppj-35-623]). Thus, it is reasonable to speculate that diverse microbial taxa might be present in the rhizosphere of wild soybean to connect with MAPKs. However, little information is available highlighting the central role played by MAPK signalling in the molecular dialogue between wild soybean and rhizomicrobiomes during the invasion of fungal pathogens. To obtain such information, in this study, we first aimed to explore the differences in the rhizomicrobiome and transcriptome of cultivated soybean and its wild relative (wild soybean) during *Fusarium oxysporum* infection. In addition, this study aimed to clarify whether the rhizomicrobiome and *GmMAPK* gene expression are tightly connected in the response to *F. oxysporum* invasion.

Materials and Methods
=====================

Experimental material
---------------------

For the current study, we selected healthy seeds of wild soybean (*Glycine soja*, ZYD 01-289) and cultivated soybean (*Glycine max*, Williams 82) varieties. Briefly, sterilized the soybeans seeds for 5 min with 75% ethanol and then treated by 0.5% sodium hypochlorite for 1 min. Next, all soybean seeds were rinsed three times with sterilized water. Sterilized seeds were then incubated in the dark at 28°C in an incubator until germination (about 3 days). Germinated seeds of wild and/or cultivated soybean were planted in pots (18 cm dia. × 15 cm high), containing 1 kg autoclaved soil. Soybean seedlings were then grown in a growth chamber with 75% relative humidity with a 16 h light period at 28°C and an 8 h dark period at 25°C. Three replicate pots of each genotype were used. The wild and cultivated soybeans were watered with sterilized water every other day.

The soil used in the pots was collected at the Changchun Agricultural Station of the Northeast Institute of Geography and Agroecology in Jilin Province, China (125°23′44″E, 43°59′58″N) in July 2016. The soil was sieved and homogenized, and 1,500 g of the soil was stored in a plastic bag and autoclaved for 60 min twice. The soil physicochemical characteristics, including soil organic matter, total N, available N, P, and K, were 32.8 g/kg, 651.9 mg/kg, 109.2 mg/kg, 7.5 mg/kg, and 88.7 mg/kg, respectively, and the pH value was 7.0.

Fungal strain, culture conditions, and infection processes
----------------------------------------------------------

*Fusarium oxysporum* Schltdl. is one of the phytopathogenic fungal species most frequently associated with soybean root rot ([@b16-ppj-35-623]). The fungal pathogen *F*. *oxysporum* was originally isolated from soybean roots. Molecular identification was performed based on fungal internal transcribed spacer (ITS) region fragment amplification by using the universal ITS primers with ITS1 and ITS4 ([@b45-ppj-35-623]). Upon the appearance of trifoliate leaves, the seedlings of both soybean genotypes were inoculated with an *F. oxysporum* spore suspension (1.0 × 10^7^ spores/ml) according to the method previously described ([@b35-ppj-35-623]). We then tested and observed the phenotype of wild and cultivated soybean without or with pathogen invasion after inoculated *F. oxysporum* 7 days ago ([@b8-ppj-35-623]).

Collection and storage of rhizosphere soils
-------------------------------------------

Rhizosphere soils were collected from wild and cultivated soybean roots 7 days after inoculation with *F. oxysporum*. The soil loosely adhering to the roots was collected by gently shaking the roots and was stored at −80°C until DNA extraction. In addition, wild and cultivated soybean roots were harvested, immediately frozen in liquid nitrogen after washing, and then stored at −80°C for RNA extraction. For each treatment, the roots of five soybean seedlings were collected and pooled together, with 3 biological samples per treatment (*n* = 3).

Metabarcoding of the bacterial V3--V4 region and the fungal ITS2 region
-----------------------------------------------------------------------

Total soil DNA was extracted with a FastDNA SPIN Kit (MPBio, Santa Ana, CA, USA) according to the manufacturer's instructions and quantified with a NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA). The V3--V4 region of the bacterial 16S rRNA gene was amplified using the primers 341F and 806R ([@b24-ppj-35-623]). The fungal ITS2 region was amplified by the primers ITS3F and ITS4R ([@b48-ppj-35-623]). Both the bacterial and fungal primer pairs were ligated with Illumina adapter sequences and barcodes ([@b7-ppj-35-623]). PCR was performed in a 30 μl mixture containing 3 μl each of primer (2 μM), 10 μl of template DNA (1 ng/μl), 15 μl of Phusion High-Fidelity PCR Master Mix (BioLabs, Inc., LA, USA) and 2 μl of water. The following thermal programme was used for amplification: 95°C for 1 min followed by 30 cycles of 98°C for 10 s, 50°C for 30 s, and 72°C for 30 s and a final extension step at 72°C for 5 min. PCR was repeated four times for each sample, and all amplicons were pooled and purified using a Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany). The sequencing libraries were generated using a TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions and pooled at an equimolar ratio. The Illumina HiSeq 2500 platform at ORI-GENE Biotech Company was used for 250 bp paired-end (PE) sequencing.

The raw sequencing data were de-multiplexed, quality-filtered and processed by FLASH ([@b25-ppj-35-623]) as the following steps: (1) chimeric sequences were identified and removed using USEARCH 6.1 in QIIME ([@b7-ppj-35-623]), and all sequences shorter than 200 bp in length, with mismatching barcodes, with more than two base pair mismatches, with ambiguous bases, or with an average quality score \< 25 in the raw reads were discarded; and (2) UPARSE (version 7.0.1001, <http://drive5.com/uparse>) was used to cluster quality-trimmed sequences at a 97% sequence similarity cut-off and to form operational taxonomic units (OTUs). (3) The representative sequence of each OTU was taxonomically classified by using the Ribosomal Database Project (RDP) Classifier software (version 2.2, <http://sourceforge.net/projects/rdp-classifier/>). The reference databases at this step were used Silva for bacteria communities ([@b11-ppj-35-623]) and the UNITE databases for fungal communities, which precluster at 97% similarity cutoff ([@b1-ppj-35-623]). OTUs belonging to a functional group were identified using the Functional Annotation of Prokaryotic Taxa database (FAPROTAX database) ([@b22-ppj-35-623]).

RNA-sequencing (RNA-seq) and differential genes expression profiling
--------------------------------------------------------------------

Root samples (100 mg each) were ground into a fine powder in liquid N~2~, and total RNA was isolated by using a Promega RNA extraction kit (LS1040, Promega, China) following the manufacturer's instructions. The extracted RNA was treated with RNase-Free DNase (Qiagen) to digest and remove any contaminating genomic DNA. RNA quantity and quality were assessed by using a NanoDrop spectrometer (NanoDrop 2000, NanoDrop Technologies, Inc.) and electrophoresis on a 1% (wt/vol) agarose gel. The RNA samples were then stored at −80°C until subsequent use. cDNA library construction and RNA-seq were performed by the ORI-GENE Biotech Company (Beijing, China) using the Illumina PE sequencing method following the Illumina protocol. PE sequencing (2 × 100 bp) was carried out using the Illumina HiSeq 2000 platform. Reads that were not aligned with the soybean reference genome (e.g., fungal reads) were filtered out and were not included in further analyses. Gene expression (FPKM, Fragments Per Kilobase of transcript Per Million fragments mapped) levels were estimated using Cufflinks software (version 2.1.1) ([@b41-ppj-35-623]), and differentially expressed genes (DEGs) were selected by using the criteria *q* \< 0.05 and \|log~2~(fold change)\| ≥ 2.

Statistical analyses
--------------------

The OTU abundance matrix was rarefied before performing downstream analysis. The functional microbial communities involved in carbon and nitrogen metabolism were annotated by the FAPROTAX database ([@b22-ppj-35-623]). The correlation network was visualized using Cytoscape ([@b39-ppj-35-623]). Statistically significant differences in the expression of each gene among the treatments were assessed by SAS version 9.1 (SAS Institute, Cary, NC, USA) with Tukey's honestly significant difference test at the *P* \< 0.05 level.

Availability of data and materials
----------------------------------

The raw sequencing data for the microbe diversity and transcriptome were submitted to the Sequence Read Archive (SRA) at the NCBI of the accession numbers SRP079341 and SRP111527, respectively.

Results
=======

In total, 4 treatments, the non-inoculated wild (W) and cultivated (C) soybeans and the inoculated wild (W + F) and cultivated (C + F) soybeans, were enrolled and included in the metagenomics sequencing analyses ([Fig. 1](#f1-ppj-35-623){ref-type="fig"}). For the metagenomics analysis, a total of 245,263 qualified bacterial reads were obtained after filtering the original 295,190 raw reads (ranging from 12,060--35,975 bp), resulting in 2,584 total OTUs (ranging from 584--1,313 bp) ([Supplementary Table 1](#s1-ppj-35-623){ref-type="supplementary-material"}). A total of 149,929 qualified reads out of 156,955 raw sequences were obtained (ranging from 6,472--19,814 bp), resulting in 1,279 total OTUs (ranging from 72--150 bp) during the ITS region sequencing ([Supplementary Table 1](#s1-ppj-35-623){ref-type="supplementary-material"}). Rarefaction and Shannon curves indicated that the sequencing coverage was valid to quantify most of the species and OTU numbers produced by Illumina sequencing ([Supplementary Fig. 1](#s1-ppj-35-623){ref-type="supplementary-material"}).

Taxonomic characteristics of bacterial and fungal communities
-------------------------------------------------------------

Overall, the 16S rRNA metabarcodes were classified into 28 bacterial phyla, and 2.28 ± 0.65% of the bacterial sequences were unclassified at the phylum level. The dominant bacterial phyla (relative abundance \> 1%) accounted for more than 90% of the abundance and included *Proteobacteria* (mean ± SD, 48.06 ± 2.20% of the total sequences), *Cyanobacteria* (34.28 ± 2.72%), *Actinobacteria* (4.38 ± 1.02%), *Bacteroidetes* (3.93 ± 1.32%), *Planctomyces* (2.25 ± 0.59%), and *Verrucomicrobia* (1.30 ± 0.31%). The groups *Firmicute*, *Chloroflexi*, *Acidobacteria*, *Armatimonadetes*, *Candidate_division_TM7*, *Candidate\_ division_OD1*, *Chlamydiae*, and *Gemmatimonadetes* were less abundant (relative abundance \> 0.5%) but were still found in all soil samples ([Fig. 2A](#f2-ppj-35-623){ref-type="fig"}). In addition, the relative abundance of *Bradyrhizobium* spp. was significantly higher in the W + F group than in the C + F group, but there were no significant (*P* \< 0.05) differences between the W and W + F groups ([Fig. 2B](#f2-ppj-35-623){ref-type="fig"}). Interestingly, upon analysis with the FAPROTAX database, bacteria involved in nitrogen fixation were most abundant in the W + F group ([Supplementary Fig. 2](#s1-ppj-35-623){ref-type="supplementary-material"}).

The most dominant fungal phyla were *Ascomycota* (ranging from 31.67--82.45%), *Basidiomycota* (0.23--8.31%) and *Glomeromycota* (0.25--8.15%), accounting for more than 70% of the fungal community ([Fig. 2C](#f2-ppj-35-623){ref-type="fig"}). *Chytridiomycota* (0.53--0%) and *Zygomycota* (0.03--0%) were less abundant. The relative abundance of *Zygomycota* was recovered only in the C and C + F groups. More interestingly, *Glomeromycota* was more highly enriched in the W + F group than in the other three groups. Furthermore, taxonomical classification at the genus level detected 138 genera, among which the genus *Fusarium* was dominant across all the soil samples ([Fig. 2D](#f2-ppj-35-623){ref-type="fig"}).

Host plant transcriptome profile analysis of wild and cultivated soybean responses to *F. oxysporum*
----------------------------------------------------------------------------------------------------

In total, transcriptional profiling obtained 49.28, 37.36, 49.28, and 45.57 million clean reads from the W, C, W + F, and C + F groups, respectively. The average error rate of the sequences ranged from 0.0128--0.0132%, and more than 96% of the bases had error rates \< 0.1% ([Supplementary Table 2](#s1-ppj-35-623){ref-type="supplementary-material"}) ([@b8-ppj-35-623]). The short read sequences were blasted against the soybean reference genome (Wm82.a2.v1), and the total mapping rates ranged from 54.96% to 74.76%. Significant DEGs were determined by using a \|fold change\| ≥ 2 and a *q*-value \< 0.05. Upon using these criteria, a total of 1,060, 1,372, 5,300, and 6,505 DEGs were identified in the C + F vs. C, W + F vs. W, W + F vs. C + F and W vs. C comparisons, of which 211, 614, 2,344, and 2,810 DEGs were upregulated and 849, 758, 2,956, and 3,695 were downregulated, respectively ([@b8-ppj-35-623]). Seven DEGs were selected for validation of the RNA-seq data using quantitative reverse transcription polymerase chain reaction (RT-qPCR) ([Supplementary Table 3](#s1-ppj-35-623){ref-type="supplementary-material"}). The RT-qPCR data for these genes were consistent with the RNA-seq results from the four group samples, which indicated a high degree of reproducibility between the DEG fold changes assayed using RNA-seq and the expression profiles revealed by RT-qPCR ([@b8-ppj-35-623]).

Expression profiles of the MAPK signalling pathway in soybean
-------------------------------------------------------------

Thirty-eight *GmMAPK*, 11 *GmMAPKK*, and 150 *GmMAPKKK* orthologous genes were identified across the published data sources from *Arabidopsis*, rice and poplar ([@b28-ppj-35-623]). In the present study, the transcriptome data showed that 35 *MAPK* genes were differentially expressed in cultivated and wild soybean in response to *F. oxysporum* ([Fig. 3](#f3-ppj-35-623){ref-type="fig"}). More specifically, among the genes of the MAPK cascade pathway 6 *MAPK-*related DEGs (4 up- and 2 downregulated), were observed in the W + F vs. W comparison, while 4 downregulated genes were observed in the C+F vs. C comparison ([Fig. 3](#f3-ppj-35-623){ref-type="fig"}, [Supplementary Table 4](#s2-ppj-35-623){ref-type="supplementary-material"}). In addition, *Glyma.14G099300*/*MAPK3-2*, a *Glyma.14G099300* gene encoding an ACT-like protein tyrosine kinase family protein, was downregulated in the C + F vs. C comparison ([Fig. 3](#f3-ppj-35-623){ref-type="fig"}, [Supplementary Table 4](#s2-ppj-35-623){ref-type="supplementary-material"}). Furthermore, 23 *MAPK*-related DEGs (11 up- and 12 downregulated) and 21 DEGs (14 up- and 7 downregulated) were observed in the W vs. C and W + F vs. C + F comparisons, respectively ([Fig. 3](#f3-ppj-35-623){ref-type="fig"}, [Supplementary Table 4](#s2-ppj-35-623){ref-type="supplementary-material"}). The protein kinase-related gene *MAPK 4* (*MPK4*; *Glyma.01G222000*) was strongly upregulated in the W + F vs. C + F comparison, while there was no significant difference in the W vs. C comparison ([Fig. 3](#f3-ppj-35-623){ref-type="fig"}, [Supplementary Table 4](#s2-ppj-35-623){ref-type="supplementary-material"}). We assumed that these transcriptional changes stimulated protein changes in both wild and cultivated soybeans in response to *F. oxysporum* infection.

Correlation analysis between the rhizomicrobiome and plant *MAPK* gene expression
---------------------------------------------------------------------------------

In Spearman correlation analysis, between abundance of rhizosphere microbial communities (bacterial and fungal communities) and the level of plant *MAPK*-related DEGs with correlation coefficients of *R* \> 0.75 or *R* \< −0.75 with *P*-values \< 0.05 were considered to be correlated with each *MAPK* ([Supplementary Table 5](#s3-ppj-35-623){ref-type="supplementary-material"}). Transcriptional co-expression networks revealed correlations between 35 *MAPK*-related DEGs and 66 bacterial microbes (consisting of 246 OTUs) ([Fig. 4](#f4-ppj-35-623){ref-type="fig"}, [Supplementary Table 5](#s3-ppj-35-623){ref-type="supplementary-material"}). More specifically, 44 positive correlations and 75 negative correlations were observed in the W + F vs. W comparison, whereas 21 positive correlations and 72 negative correlations were observed in the C + F vs. C comparison. For instance, *Pseudomonadaceae* and *Streptomycetaceae* were positively correlated with *GmMAPKKK 13-2* (*Glyma.14G195300*) in the W + F vs. W comparison, while *Planctomycetaceae* was strongly negatively correlated with *GmRaf6-4* (*Glyma.02G215300*), *GmRaf35-2* (*Glyma.17G065700*) and *GmRaf53-2* (*Glyma.20G165800*) in the W + F vs. W comparison ([Fig. 4](#f4-ppj-35-623){ref-type="fig"}, [Supplementary Table 5](#s3-ppj-35-623){ref-type="supplementary-material"}). In the C + F vs. C comparison, *Pseudomonadaceae* and *Planctomycetaceae* were both positively correlated with *GmMAPK3-2* (*Glyma.12G073000*), and *Streptomycetaceae* was strongly negatively correlated with *GmRaf49-3* (*Glyma.06G055300*) ([Fig. 4](#f4-ppj-35-623){ref-type="fig"}, [Supplementary Table 5](#s3-ppj-35-623){ref-type="supplementary-material"}). In addition, 228 positive correlations and 233 negative correlations were found in the W vs. C comparison, whereas 184 positive correlations and 306 negative correlations were found in the W + F vs. C + F comparison ([Supplementary Table 5](#s3-ppj-35-623){ref-type="supplementary-material"}).

Regarding the fungal community and *MAPKs*, correlations existed between 34 *MAPK*-related DEGs and 8 fungal microbes at the family level (consisting of 9 OTUs), with 18 positive and 16 negative correlations in the Spearman analysis ([Fig. 5](#f5-ppj-35-623){ref-type="fig"}, [Supplementary Table 5](#s3-ppj-35-623){ref-type="supplementary-material"}). 15 positive and 39 negative correlations were found in the W + F vs. W comparison, while 6 positive and 11 negative correlations were found in the C + F vs. C comparison. For instance, positive correlations between *Glomeraceae* and *GmMAPKKK14-1* (*Glyma.18G060900*) and between *Chaetomiaceae* and *GmRaf53-2* (*Glyma.20G165800*) were found in the W + F vs. W comparison, and negative correlations between *Glomeraceae* and *GmRaf6-4* (*Glyma.02G215300*), between *Hypocreales_family\_ Incertae_sedis* and *GmRaf35-2* (*Glyma.17G065700*), and between *Hypocreales_family_Incertae_sedis* and *GmRaf53-2* (*Glyma.20G165800*) were also observed. In addition, in the C + F vs. C comparison, *Hypocreaceae* and *Ceratobasidiaceae* were positively correlated with *GmMAPK3-2* (*Glyma.12G073000*), while *Glomeraceae* was strongly negatively correlated with *GmRaf49-3* (*Glyma.06G055300*), *GmRaf49-1* (*Glyma.14G099300*), and *GmRaf49-2* (*Glyma.17G225400*). Furthermore, 39 positive and 40 negative correlations were found in the W vs. C comparison, while 34 positive and 41 negative correlations were found in the W + F vs. C + F comparison.

Discussion
==========

In this study, the functional associations between the rhizomicrobiome and the host plant immune system were determined by analysing both the host root-associated microbiome and the transcriptome in an investigation of the root microbes of soybeans (*G. max* and *G. soja*) and their potential impact on the MAPK signalling pathway in response to *F. oxysporum* infection ([Fig. 1](#f1-ppj-35-623){ref-type="fig"}). MAPK signalling has been demonstrated to regulate cellular processes involved in activating host defence responses against attacking pathogens ([@b2-ppj-35-623]). Little is known thus far about whether MAPKs are active in the plant-symbiont interaction; however, certain rhizobia have the capacity to interfere with and even activate the host MAPK pathway ([@b4-ppj-35-623]; [@b14-ppj-35-623]). During the arbuscular mycorrhiza (AM)-plant interaction, the only relevant data in the literature indicate that there is increased transcription of a single *MAPK* gene during the pre-contact and the appressorium stages between the barrel medic *Medicago truncatula* and *Glomus mosseae* ([@b44-ppj-35-623]). In our study, correlation analyses between diverse microbes and the MAPK signalling pathway revealed the answer to a key question about the response of wild and cultivated soybeans to *F. oxysporum* by indicating the possible interactions between the microbiome and *MAPKs* ([Figs. 4](#f4-ppj-35-623){ref-type="fig"} and [5](#f5-ppj-35-623){ref-type="fig"}). However, sequencing analyses explore only the taxonomical composition of the plant microbiome without taking into account the whole bacterial genomes or addressing the functions these microbes are performing.

Previous studies have fully demonstrated that different genotypes or varieties of the same species can develop distinct microbial communities, as has been observed for *Arabidopsis*, rice and maize ([@b13-ppj-35-623]; [@b26-ppj-35-623]; [@b30-ppj-35-623]). In addition, our study revealed that greater abundance of rhizosphere bacterial and fungal microbe groups occurred in wild soybean than in cultivated soybean, especially in response to *F. oxysporum* ([Fig. 2](#f2-ppj-35-623){ref-type="fig"}). Interestingly, we found that wild soybean possessed more *Bradyrhizobium* spp. and *Glomus* spp. than cultivated soybean ([Fig. 2B and D](#f2-ppj-35-623){ref-type="fig"}), and specific microbiota involved in carbon and nitrogen metabolism, such as *Bradyrhizobium* spp., were enriched in wild soybean ([Supplementary Fig. 2](#s1-ppj-35-623){ref-type="supplementary-material"}). Wild soybean is a source of genetic diversity to identify novel genes underlying responses to biotic and abiotic stresses ([@b18-ppj-35-623]; [@b46-ppj-35-623]). In our study, the RNA-seq results revealed more DEGs in the W + F vs. W comparison than in the C + F vs. C comparison, which implied that wild soybean exhibited a stronger response to *F. oxysporum* infection ([Fig. 3](#f3-ppj-35-623){ref-type="fig"}). Furthermore, our study revealed more *MAPK*-related DEGs in the W + F vs. W comparison than in the C + F vs. C comparison ([Fig. 3](#f3-ppj-35-623){ref-type="fig"}). Previous studies on crops such as rice have revealed that wild relative crops have a stronger ability to resist pathogen infection than cultivated varieties ([@b40-ppj-35-623]).

A better understanding of the various interactions between microbes and host plants may lay a valuable foundation of knowledge. To our knowledge, this study is the first to reveal the correlations between the rhizomicrobiome (bacterial and fungal) and soybean transcriptional expression; most previous studies have focused on specific plant microbiomes and have placed more emphasis on microbial diversity than on gene function ([@b6-ppj-35-623]; [@b29-ppj-35-623]). In our study, the correlations revealed that root-associated microbiota mediated *MAPK* transcriptional expression; however, the microbiota-dependent *MAPKs* were different in wild and cultivated soybeans under *F. oxysporum* infection ([Figs. 4](#f4-ppj-35-623){ref-type="fig"} and [5](#f5-ppj-35-623){ref-type="fig"}). For example, *Pseudomonadaceae* was positively correlated with *GmMAPKKK 13-2* (*Glyma.14G195300*) in the W + F vs. W comparison but was strongly negatively correlated with *GmMAPK3-2* (*Glyma.12G073000*) in the C + F vs. C comparison. *Pseudomonas* spp. have been identified as plant growth-promoting rhizosphere bacteria and can elicit induced systemic resistance ([@b31-ppj-35-623]). However, the majority of OTUs detected in our investigation have unknown functions, making it difficult to correlate the microbial community with *MAPK* profiles. Future analysis of knock-out mutants and ectopic overexpression of the candidate genes will be performed to examine their role in the activity of the root-associated microbiota.

As it is known, the seed endophytic are often defined as bacteria or fungi that lived in plant tissues without expressing symptoms or visible signs ([@b17-ppj-35-623]). [@b23-ppj-35-623] studied on the core root microbiome reveal that the seed endophytic microbial diversity is less than the rhizomicrobiome ([@b23-ppj-35-623]), however, some strains can be spread out into the rhizosphere and soil, which can be induced the host plant's defence mechanisms. Plant-endophyte interactions were studied in different defence reactions that indicated the seed endophytes played a vital role in host plant defence mechanisms ([@b34-ppj-35-623]). In our study the soybean seeds surface were sterilized, but some fewer microbiome were still remained on the seed surfaces. Rhizosphere microbiome tightly attach to plant roots, thus the rhizomicrobiome extracted from plant tissue possibly contained surface bacteria ([@b13-ppj-35-623]; [@b23-ppj-35-623]). Future study should be stressed on the possibility of microorganisms from seed endophytic, and make a fully elucidation on the relationship between the seed endophytic and rhizomicrobiome with MAPK signalling pathway.

Conclusion
----------

In summary, our study provides a preliminary analysis of the associations between the rhizomicrobiome and *MAPK* expression in wild and cultivated soybean responses to *F. oxysporum*. In this study, wild and cultivated soybean presented differential correlations with MAPK and rhizomicrobiome; hence, to better utilize soybean's transcriptional information is important to develop multiple disease resistant cultivars for soybean. This specificity of the effect of the rhizomicrobiome on soybean transcriptional networks may result from host plant-rhizomicrobiome coevolution.
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![Experimental design for examining the plant-microbe interactions of wild and cultivated soybean in response to *Fusarium oxysporum*. Soybean cultivars were selected from wild (01--289) and cultivated (Williams 82) soybean. MAPK, mitogen-activated protein kinase.](ppj-35-623f1){#f1-ppj-35-623}

![The relative abundance of bacteria (A, B) and fungi (C, D) in wild and cultivated soybean in response to *Fusarium oxysporum*. Values (mean ± standard error) with different letters are significantly different at *P* \< 0.05 (Tukey's honestly significant difference test). The four treatments were non-inoculated wild soybean (W), non-inoculated cultivated soybean (C), wild soybean inoculated with *F. oxysporum* (W + F), and cultivated soybean inoculated with *F. oxysporum* (C + F). Panels B and D represent the different relative abundance levels of Proteobacteria and Glomeromycota, respectively.](ppj-35-623f2){#f2-ppj-35-623}

![Differentially expressed genes related to the mitogenactivated protein kinase (MAPK) family in wild and cultivated soybean in response to *Fusarium oxysporum* infection. The four treatments were non-inoculated wild soybean (W), non-inoculated cultivated soybean (C), wild soybean inoculated with *Fusarium oxysporum* (W + F) and cultivated soybean inoculated with *F. oxysporum* (C + F). The red, blue and white colours represent the upregulated (fold changes ≥ 4 with a q-value \< 0.05), downregulated (fold changes ≤ −4 with a q-value \< 0.05) and unchanged genes, respectively. Additional information pertaining to MAPK signalling pathway-related genes is presented in [Supplementary Table 2](#s1-ppj-35-623){ref-type="supplementary-material"}.](ppj-35-623f3){#f3-ppj-35-623}

![Correlations between bacterial taxa and the mitogen-activated protein kinase (MAPK) family in wild and cultivated soybean in response to *Fusarium oxysporum*. (A) Wild soybean inoculated with *F. oxysporum* (W + F) vs. non-inoculated wild soybean (W). (B) Cultivated soybean inoculated with *F. oxysporum* (C + F) vs. non-inoculated cultivated soybean (C). (C) Wild soybean (W) vs. cultivated soybean (C). (D) Wild soybean inoculated with *F. oxysporum* (W + F) vs. cultivated soybean inoculated with *F. oxysporum* (C + F). The nodes represent the operational taxonomic units, and the colourful nodes indicate the microbial taxa at the phylum level. The connecting lines indicate a positive (red line) or a negative (blue line) correlation between the bacterial taxa and the MAPK genes. Additional information pertaining to the correlations is presented in [Supplementary Table 4](#s2-ppj-35-623){ref-type="supplementary-material"}.](ppj-35-623f4){#f4-ppj-35-623}

![Correlations between fungal taxa and the mitogen-activated protein kinase (MAPK) family in wild and cultivated soybean in response to *Fusarium oxysporum*. (A) Wild soybean inoculated with *F. oxysporum* (W + F) vs. non-inoculated wild soybean (W). (B) Cultivated soybean inoculated with *F. oxysporum* (C + F) vs. non-inoculated cultivated soybean (C). (C) Wild soybean (W) vs. cultivated soybean (C). (D) Wild soybean inoculated with *F. oxysporum* (W + F) vs. cultivated soybean inoculated with *F. oxysporum* (C + F). The nodes represent operational taxonomic units, and the colourful nodes indicate the microbial taxa at the phylum level. Connecting lines indicate a positive (red line) or a negative (blue line) correlation between the bacterial taxa and the MAPK genes. Additional information pertaining to the correlations is presented in [Supplementary Table 5](#s3-ppj-35-623){ref-type="supplementary-material"}.](ppj-35-623f5){#f5-ppj-35-623}
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